Objective: This study examines the effects of hydrostatic pressure on in vitro maturation (IVM) of oocytes derived from in vitro grown follicles.
Introduction
In vitro maturation (IVM) of mammalian oocytes is an efficient method to produce mature oocytes for their use in assisted reproductive techniques (1) . Induction of ovulation to obtain mature oocytes for in vitro fertilization (IVF) is a routine procedure in numerous infertility clinics. Some women, however, may fail to respond to hormonal stimulation or are at risk of ovarian hyperstimulation (2) . IVM of oocytes offers an alternative strategy to obtain mature oocytes in these cases (3, 4) . The fertility rate from matured oocytes in vitro is much lower than those of in vivo stimulation cycles, indicating that improvement in IVM remains a challenge (5) .
Supplementation of the media with hormones (6), growth factors (7), optimization of culture systems (8, 9) , and environmental and physical conditions of follicles (10) have been proposed to increase quality of IVM oocytes. In this sense, the later factors have an important role in the success of IVM. Physical forces affect follicle rupture and ovulation by increasing follicular fluid pressure due to an increase in hydrostatic pressure in the ovarian vascular system. A decrease of tensile strength in the follicle wall and increase of the hydrostatic pressure inside the follicle, or a combination of these events is needed for successful follicular rupture (11) . Physical forces may cause tissue thinning and follicular rupture by elimination of selective cumulus cells (12) . On the other hand, cumulus cells dissociate during the ovulatory process and the oocyte is freed into follicular fluid. Programmed cell death participates in degeneration of follicular cells, weakens the follicular wall and ruptures. The amount of cell death in the cumulus oocyte complex (COCs) that impacts oocyte development potential is unclear (13) . Development of follicles and their related COCs is influenced by various apoptotic mechanisms (14) . The spatiotemporal pattern of apoptosis during follicle growth and oocyte maturation is tightly regulated (11) . Disruption of either timing or the magnitude of apoptosis can alter cell connectivity in the cumulus mass and between cumulus cells and the oocyte, causing deficits in oocyte quality. The degree of apoptosis is correlated with developmental competence of the enclosed oocytes (15) . It has been suggested that moderate apoptotic changes in the follicle may support or induce prematuration-like changes of the oocyte which is typical for their preovulatory development (16) .
Hydrostatic pressure is the pressure exerted by a static fluid that depends on the fluid's depth, density and gravity. It independent of shape, total mass or surface area of the fluid (17) . Hydrostatic pressure, as a physical force, plays various physiological roles in the reproductive system. Increased intrafollicular pressure and spontaneous contractions, together with the enzymatic degradation of the extracellular matrix, may be important for rupture of the follicle at ovulation (11) . The main finding of previous studies is the presence of a relatively constant intrafollicular pressure, between 15 and 20 mmHg, during the entire ovulatory process (18) (19) (20) . Hydrostatic pressure has been demonstrated to induce cell death in different cell types (21, 22) . In a previous study we have shown that hydrostatic pressure enhanced the IVM of the oocytes from non-vitrified and vitrified-warmed ovaries and increased the incidence of cell death in cumulus cells without a sign of cell death in mouse oocytes (23) . We took into consideration the exposure of COCs to intrafollicular pressure in the ovulating follicles during the late ovulatory process and hydrostatic pressure as a cell death inducer. Thus, we designed the present study to investigate the effect of hydrostatic pressure on inducing cell death in COCs and to improve oocyte IVM of oocytes derived from in vitro grown follicles. In the present study, hydrostatic pressure was used to investigate the involvement of COC cell death on the IVM of oocytes derived from in vitro grown follicles.
Materials and Methods
Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA) and Gibco (Grand Island, NY, USA) unless otherwise indicated.
Ovarian follicle recovery and culture
This experimental study was reviewed and approved by the Laboratory Animal Care Committee of the Faculty of Basic Sciences, Razi University, Kermanshah, Iran. In this study, 12-14 day-old female NMRI mice were prepared from Razi Vaccine and Serum Research Institute, Iran. Animals were maintained at a temperature of 20-25˚C and 50% humidity under light-controlled conditions (12 hours light: 12 hours dark) and provided with food and water ad libitum.
After the mice were sacrificed, their ovaries were removed and immediately transferred to dissection medium that consisted of Alpha Minimal Essential Medium (α-MEM), supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin G, and 100 μg/ml streptomycin. Follicles were isolated by mechanical dissection under a stereomicroscope (Motic: SMZ-143, China) at 10x magnification, using 27 G sterile needles to ensure that the follicular structure remained intact. Follicles were selected according to the following criteria: i. intact follicles with one or two layers of granulosa cells and some adhering theca cells; ii. visible, round and central oocyte, and iii. follicle diameter between 120-140 μm. Follicles were rinsed three times in dissection medium and transferred to culture medium that consisted of dissection medium supplemented with 100 mIU/ml recombinant follicle stimulating hormone (rFSH, Gonal-F; Sereno, Inc) and 10 ng/ml recombinant epidermal growth factor (rEGF). Follicles were cultured according to a previously described method with some modifications (24) . Briefly, follicles were cultured individually in 20 μl microdrops under detoxified mineral oil in a 60 mm tissue culture plate (Falcon; France) at 37˚C. Under an atmosphere of 5% CO 2 in air for 12 days. In addition, the medium was equilibrated overnight prior to the start of culturing. At every 48 hours of culture, we replaced 10 μl of the culture medium from each drop with fresh medium.
Follicle monitoring and measurement
During the culture period follicles were monitored daily under an inverted microscope (Olympus, Japan). Follicle and oocyte quantitative measurement of morphological features were performed according to a previously described method with modifications (24) . For each follicle, two perpendicular diameters were measured using a calibrated ocular micrometer (Dino Digital Eyepiece: AM323, Taiwan), at a magnification of ×200, before culture, and then on days 3, 6, 9 and 12 of culture. Follicle diameter was recorded in micrometers. Spindle shaped theca cells which originated from the follicle theca and attached to the dish were not included in the measurements. In addition, the same measurement for each oocyte was calculated. After the oocytes were retrieved from the follicles, we recorded their diameters (from the outer layer of the zone on one side to the outer layer of the zone on the opposite side), along with the longest length and widest perpendicular width.
Experimental protocol
On day 12 we chose good quality follicles which were defined as intact follicles with a central oocyte surrounded by a granulosa cell mass, peripheral spindle-shaped theca cell monolayer, visible, round and central oocyte, and follicle diameter ≥500 µm. Follicles were allocated and placed in culture medium randomly and divided into two groups, experiment and control. In the experiment group, follicles were transferred to a pressure chamber according to an established model (21) , after which they were subjected to 20 mmHg hydrostatic pressure for 30 minutes. Follicles in the control group were transferred to a similar pressure chamber for 30 minutes, but were not exposed to any hydrostatic pressure. After depressurization, the culture plates were removed from the pressure chamber and cultured for 24-48 hours. After 24-48 hours, we assessed the IVM of oocytes derived from in vitro grown follicles as well as the cell death incidence and apoptosis in the cumulus oocyte complexes (COCs). The experiment was repeated at least nine times for evaluation of IVM and five times for assessment of cell death and apoptosis.
In vitro maturation of oocytes
IVM was performed according to a previously described method with some modifications (24) . Follicles in both groups were cultured in culture medium supplemented with 5 IU/ml human chorionic gonadotropin (hCG; Sereno, Inc). After 24 and 48 hours in culture, we evaluated the oocytes for nuclear maturation and viability.
Evaluation of nuclear maturation
To assess the rate of meiosis at the end of the maturation period, follicles were mechanically ruptured, oocytes were denuded and their nuclear maturation status assessed to observe for the presence of germinal vesicles (GV), germinal vesicle breakdown (GVBD), metaphase II (MII) and parthenogenetic embryos (PA) under an inverted microscope (Olympus IX 71; Japan).
Oocyte viability
In this assessment the follicles were mechanically ruptured and the oocytes were denuded, after which their viability was assessed. Oocytes were incubated in 500 µl of 50 µg/ml propidium iodide (PI) in α-MEM for 30 seconds. Oocytes were rinsed in PBS and observed under inverted microscope equipped with an ultraviolet lamp at 560 nm (Olympus, Japan).
Hoechst/propidium iodide nuclear staining of cumulus oocyte complexes
Hoechst/propidium iodide (PI) nuclear staining is routinely used for quantitative analysis of cell death. Supravital nuclear staining of COCs was performed according to the method described previously with slight modifications (25) . Briefly, at 24 hours after IVM the COCs were incubated with the cell-permeant dye bisbenzamide (Hoechst 33258; 10 µg/ ml in α-MEM) for 15 minutes at 37˚C. Next, cells were washed and immediately transferred into the cell-impermeant dye, PI (50 µg/ml in α-MEM) just before microscopy. Stained COCs were subsequently mounted in glycerol, gently flattened with a coverslip and visualized for cell counting on a fluorescence microscope (Olympus, AX70; Japan) with excitation filters at 460 nm for blue and red fluorescence.
Terminal deoxy-nucleotidyl transferase-mediated (dUTP) nick-end labeling (TUNEL)
The terminal deoxy-nucleotidyl transferasemediated (dUTP) nick-end labeling (TUNEL) procedure was used to detect DNA fragmentation in combination with PI counterstaining to assess nuclear morphology. Nuclear DNA fragmentation in COCs was detected by the TUNEL method using an In Situ Cell Death Detection Kit (Roche Diagnostics Corporation Mannheim, Germany). The method was previously described in detail (26) . Briefly, 24 hours after IVM COCs were removed from culture medium, washed three times in PBS that contained 1 mg/ ml PVP, fixed in 4% (w/v) paraformaldehyde in PBS for 1 hour at room temperature, and stored in PBS-PVP at 4˚C. Then, COCs were permeabilized in 100 μl drops of 0.1% (v/v) Triton X-100 that contained 0.1% (w/v) Na-citrate in PBS for 30 minutes at room temperature. Next, COCs were washed three times in PBS. The COCs were placed in 30 μl drops of TUNEL reagent that contained fluorescein isothiocyanate conjugated dUTP and the enzyme terminal deoxy-nucleotidyl transferase (as prepared by the manufacturer), then incubated in the dark for 1 hour at 37˚C in a humidified chamber. The negative controls were incubated in the absence of terminal deoxy-nucleotidyl transferase. The positive control was incubated with 30000 U/ ml DNaseI solution for 10 minutes at 37˚C, then rinsed with PBS. COCs were washed in PBS-PVP and transferred to 100 μl drops of 50 μg/ml PI in PBS-PVP for 30 minutes in a dark chamber at room temperature. The COCs were washed four times in PBS-PVP to remove excess PI, then they were mounted in glycerol onto a slide and placed under a cover slip. The COCs were observed under a fluorescent microscope (Olympus AX70; Japan). The apoptotic index of the COCs was calculated as the percentage of apoptotic cells relative to the total cell number.
Statistical analysis
Data for oocyte viability and IVM, the means of COC cell death and apoptotic index in the COCs were analyzed by the student's t test. For the statistical analysis we utilized SPSS version 16 software. Data were expressed as mean ± SEM and p<0.05 was considered as a minimum criterion for assigning statistical significance.
Results

Follicle and oocyte measurement
Preantral follicular diameter increased during in vitro culture. Granulosa and thecal cell outgrowth were prominent and the antral cavities were visualized as clear cavities in follicles from day 9 (Fig  1) . The diameters of the cultured follicles at different days of culture (1, 3, 6, 9 and 12) are shown in table 1 (p<0.05). Two perpendiculars were measured at ×200 magnification and is calculated based on micrometers. Mean diameters ± SEM were calculated.
Rashidi et al. ; Theca cells monolayer, ; Zona pellucid and *; Antral cavity. Scale bar: 100 μm.
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Viability and in vitro maturation of oocytes
At 0 and 24 hours, viability of the oocytes was similar between the experiment and control groups. At 24 hours, hydrostatic pressure did not significantly alter the percentage of GV oocytes, whereas the percentage of GVBD and MII oocytes increased in the experiment group compared to the control group (p<0.05). At 48 hours, the percentage of GVBD oocytes was similar between the experiment and control groups, while the percentage of GV oocytes decreased in the experiment group compared to the control group (p<0.05). The percentages of MII oocytes and PA embryos increased in the experiment group compared to the control group (p<0.05; Table 2 ).
Nuclear staining of the cumulus oocyte complexes
The percentage of viable cells was lower in
COCs from the experiment group compared to the control at 0 and 24 hours of hydrostatic exposure (p<0.05). The percentages of fragmented and condensed nuclear cumulus cells in non-viable cells were higher in the experimental group compared to the control group (p<0.05; Table 3 ). Cell morphology was scored as follows. Viable cells contained blue-stained normal, smooth nuclei or multiple bright specks of chromatin. Non-viable cells consisted of pink-stained nuclei with either multiple bright specks of fragmented chromatin which included discrete clusters of membrane-bounded vesicles and one or more spheres of condensed chromatin (significantly more compact and smaller than normal nuclei) as seen in figure 2. 
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TUNEL labeling
The apoptotic index was higher in COCs from the experiment group compared with the control group at 0 and 24 hours of hydrostatic exposure (p<0.05; Table 4 ). TUNEL reaction was assessed by the observation of a distinct bright yellow stained chromatin. Nuclear morphology was assessed on the basis of PI staining. The nuclei were classified according to four clear types of morphology: healthy interphase nuclei with uniform PI staining and a clear outline; mitosis, which included cells at the prophase, metaphase or anaphase stages with visible chromosomes counted as single nuclei; fragmented nuclei, which included discrete clusters of membrane-bounded vesicles; and condensed nuclei with intense PI staining, which were smaller than 'healthy' interphase nuclei. According to the above criteria, the nuclei that displayed morphological characteristics of apoptosis (condensation and fragmentation) and biochemical characteristics of apoptosis (TUNEL reaction positive) were considered to be apoptotic nuclei (Fig 3) . 
Discussion
The present study indicated that the IVM rate in oocytes derived from preovulatory follicles in vitro increased following exposure to hydrostatic pressure. The hydrostatic pressure increased the mild cell death in cumulus cells in experimental group without any adverse effects on the survival rate of oocytes. The viability of oocytes derived from both groups was similar and independent of exposure to hydrostatic pressure. The percentage of parthenogenesis increased in oocytes exposed to hydrostatic pressure.
Folliculogenesis and meiotic maturation are time dependent processes (27) . Previously, different culture systems have been evaluated for a narrow class of intact preantral follicles retrieved from mice (28) . Our culture system is based upon the liquid-phase model as an open culture system (27, 29) . Nutrients, hormones and gases are more available in an open system than in a closed system, which increases oocyte survival rate. Follicles that have been cultured in vitro for 12 days are equivalent to antral follicles in 24-day-old mouse ovaries. This time-point corresponds to the first wave of meiotic maturation leading to ovulation (24) .
In the current experiment, preantral follicles isolated from ovarian tissue grew in vitro between days 1 and 12. Follicle growth slowed slightly after day 10, but oocytes continued to develop and reached a diameter similar to that of fully grown oocytes in vivo.
Researchers have successfully achieved IVM of preantral follicle-enclosed oocytes and of oocytegranulosa-cell complexes from preantral follicles obtained from mouse ovaries (24, 30) .
Physiologically, this maturation process is dependent upon several biotical and abiotical parameters. Numerous experiments have been performed to optimize in vitro conditions, which should imitate in vivo conditions (31) . In these circumstances, abiotic parameters consist of temperature (32) , pH (33) , and osmotic and hydrostatic pressures (34, 35) . The most important biotic parameters are organic substances in media, hormones (36) , and activators and inhibitors of IVM (31) . Hydrostatic pressure, in contrast to other parameters, acts immediately and uniformly at each point of the in vitro production (IVP). It can be applied with the highest precision, consistency, and reliability to mimic in vivo conditions. It has been reported that a well-defined sub-lethal high hydrostatic pressure treatment offers a solution to improve the overall quality of gametes and embryos, fertilizing ability, and developmental competence (37) . Du et al. (35) have shown that pre-treatment with a high hydrostatic pressure considerably improved the IVP of porcine vitrified oocytes.
Matousek et al. have reported an increase in intrafollicular pressure during the ovulating process (11) . A basal intrafollicular pressure of 16.6 ± 1.0 mmHg was reported at the preovulatory phase (48 hours after eCG) which increased gradually throughout the ovulatory process to 21.4 ± 2.4 mmHg at 4-7 hours after hCG (midovulatory phase) and 23.9 ± 1.9 mmHg at 8-12 hours after hCG. The intrafollicular pressures have been measured in the preovulatory follicles of cows (18) , hamsters (19) and rabbits (20) . These measurements were obtained by inserting a large micropipette into the follicular antrum after which the passive intrafollicular pressure was recorded. The main finding of these studies showed that COCs were exposed to intrafollicular pressures between 15-20 mmHg during the entire ovulatory process (11) . In a previous study, we reported that 20 mmHg of hydrostatic pressure induced mild cell death in cumulus cells, decreased cell junctions and waste paracrine correlation between cumulus cells and oocytes, and induced maturation of oocytes derived from vitrified-warmed mouse ovaries (23) .
According to the results of the above mentioned observations, we selected a pressure of 20 mmHg for the present investigation. The percentage of MII oocytes considered as oocyte maturation significantly increased in follicles exposed to hydrostatic pressure compared to those that unexposed to hydrostatic pressure. These results indicated that hydrostatic pressure improved oocyte maturation. Concomitantly with improved oocyte maturation, hydrostatic pressure increased cell death in COCs derived from preovulatory follicles in vitro. Hydrostatic pressure increased cell death in cumulus cells, which have a critical role in oocyte maturation and fertilization. On the other hand, cumulus cells dissociate during the ovulatory process, releasing the oocyte into the follicular fluid antrum (13) .
A study by Ikeda et al. (15) has demonstrated that cumulus cells in bovine cumulus-enclosed oocytes spontaneously underwent apoptosis during IVM. Apoptotic changes in the follicle possibly support or induce prematuration-like changes to the oocyte which is typical for their preovulatory development (16) . Cumulus cells play an important role in oocyte maturation by keeping the oocyte under meiotic arrest, inducing meiotic resumption and supporting cytoplasmic maturation (1). Cumulus cells and oocytes have a relationship in preovulatory follicles that due to paracrine and regulation factors convenience available for oocyte. The signals that produced by cumulus cells even with waste gap junction cumulus cells affected on maturation of oocyte (38, 39) .
In the dead cells, some of the nuclei were fragmented and condensed. The percentage of these types of nuclei in cumulus cells were increased in hydrostatic pressure-treated follicles. Fragmentation and condensation of nuclei are two morphological features of apoptotic cells, therefore in the current study, the type of cell death observed in cumulus cells was apoptosis, as confirmed by TUNEL staining. Investigation of apoptotic cell death by TUNEL staining has been performed in previous studies (26, 40) . The percentage of TUNEL-positive cells was considered to be apoptotic cells that significantly increased in follicles exposed to hydrostatic pressure. Hydrostatic pressure as a cell death inducer (21, 22) with increasing apoptotic cells in COCs led to increasing oocyte maturation compared with the group that had no exposure to hydrostatic pressure.
Hydrostatic pressure increased the percentage of parthenogenetic oocytes, as reported in previous studies (35, 41) . Our data indicated that the percentage of parthenogenetic oocytes significantly increased in follicles exposed to hydrostatic pressure compared to unexposed follicles.
Hydrostatic pressure caused an increase in the rate of cumulus cells that underwent apoptosis and probably be responsible for the increased MII oocyte rate after IVM.
There is increasing evidence that hydrostatic pressure plays important roles in cell shape and structure, exocytosis, and growth and death of animal cells. Although reproductive biology has been dominated by a focus on genes and chemical interactions over the past century, it is time to further explore the mechanism by which mechanical forces can exert their potent effects on gametes and embryos during reproduction, as well as throughout adult life (42) . Pro-apoptotic effects of hydrostatic pressure and the pivotal role of apoptosis in ovulation prompt us to investigate the effects of hydrostatic pressure on the IVM of mouse oocytes and on apoptosis in COCs from ovarian follicles.
Conclusion
This study implicitly explains a model system to develop an understanding of the link between the physical condition of a follicle and the ovulatory process. According to the results of this study, hydrostatic pressure can be used to increase the apoptosis rate of cumulus cells; the latter may be responsible for an increase in the MII oocyte rate after IVM. We have shown that hydrostatic pressure had a mild effect on the incidence of cell death in cumulus cells but no aberrant effect on oocyte viability.
